Estimates of deoxyribonucleic acid (DNA) relatedness and phenotypic characterization of 98 Bacillus polymyxa strains revealed that 70 (groups 1A and 1B) were closely related to the B. polymyxa type strain and 28 (group 2) were not. Group 1A strains (29) showed 80 to 100% DNA relatedness to the type strain, while the remaining 41 strains (group 1B) gave reduced relatedness values of 57 to 68%. Groups 1A and 1B were phenotypically identical. Low DNA homology values indicated that group 2 strains were not closely related to group 1A or 1B strains or to the type strains of Bacillus species that have guanine-plus-cytosine contents of 44 to 53 mol% or form gas from carbohydrates or both, namely, B . alvei, B. badius, B . brevis, B. coagulans, B .  licheniformis, and B. macerans. Group 2 strains were phenotypically distinct from B . polymyxa and the seven recognized species. Bacillus polymyxa (Prazmowski) Mace 1889 (14), one of the oldest species of the genus Bacillus, is an agriculturally, industrially, and medically important organism. For example, Bredemann demonstrated that the species fixed nitrogen (2), an observation that was confirmed by Grau and Wilson (8) and by Kalininskaya (11). Also, strains of B. polymyxa Received as Bacillus Received as B . popilliae A. J. Kluyver (ATCC
produce the antibiotic polymyxin (17, 23) , synthesize pamylase (6, 10) and 2,3-butanediol (13) , and are important agents in the jute retting process (1).
Because of the rather rare ability of some Bacillus spp. to form gas and because of the apparent phenotypic homogeneity, B. polymyxa strains are generally easily identified. Until 1984, B. macerans and B. polymyxa were the only gas-forming Bacillus spp. known. Gas-forming species such as "B. aerosporus" and "B. asterosporus" were later classified as B. polymyxa (7) . Recently, a third gas-forming species, B. azotojixans, was named (21) . Apparently, other gas-forming Bacillus spp. exist, such as those that were isolated from spoiled canned foods by Segner, but were not classified (19) .
Gordon et al. (7) described B. polymyxa as a homogeneous species, based on the examination of 25 strains. Preliminary examination of a number of strains received at the Northern Regional Research Center, Peoria, Ill., revealed groups that were anomalous in that they utilized citrate and did not ferment glycerol. Other researchers have observed strain variation in the fixation of nitrogen (8, 21) , in the production of polymyxin (7) , and in the ratio of pullulanase to P-amylase produced (6).
The phenotypic diversity of another Bacillus sp. has been shown to be a reflection of its genetic heterogeneity as determined by the extent of deoxyribonucleic acid (DNA) relatedness among member strains (16) . Thus, the physiological and biochemical diversity of B. polymyxa could reflect genetic heterogeneity or could represent true characteristics of the species. To determine whether the phenotypic heterogeneity of B. polymyxa was due to either or both of these reasons, I assessed the extent of genetic homogeneity of the species by analysis of the guanine-plus-cytosine (G+C) content and relatedness of the DNA.
MATERIALS AND METHODS
Bacterial strains. The B. polymyxa strains used in this study are listed in Table 1 at the Northern Regional Research Center maintains these strains. The NRRL strain designations include the prefixes B-, BD-, and NRS-. The prefix B-denotes strains that were obtained directly from a source or those that were isolated at the center; BD-designates strains received from B. Delaporte; and NRS-designates strains from the collection of N. R. Smith, which had been deposited in toto at the Northern Regional Research Center by R. E. Gordon.
Organisms with B. polymyxa-like characteristics were isolated from enrichment cultures prepared by inoculating 100 ml of pH 7.0 pectate medium [NaCl, 1.0 g; MgS04 . 7H20, 0.2 g; (NH4)2HP04, 1.0 g; sodium pectate, 5.0 g; yeast extract, 0.1 g; distilled water, 1.0 liter] with 10 g of soil or rotting leaf samples previously treated with 100 ml of 75% ethanol for 1 h. The alcohol treatment favored development of sporeforming bacteria (12) . Incubation was sustained at 28°C without shaking until gas bubbles were noted. Ten milliliters of the culture was transferred to fresh pectate medium. After two more separate cycles in fresh pectate medium, the cultures were serially diluted and plated on YTG medium (yeast extract, 5.0 g; tryptone, 5.0 g; glucose, 5.0 g; K2HP04, 1.0 g; agar, 15.0 g; distilled water, 1 liter). Selected colonies were inoculated into YTG broth; organisms that produced gas and later formed swollen sporangia were kept for study. Working stocks were developed on soil extract agar (7) at 28°C and stored at 4°C.
Characterization. The methods of Gordon et al. (7) were used to characterize strains unless stated otherwise. The carbohydrate fermentation tests were expanded to include D-fructose, D-galactose, glycerol, lactose, maltose, Dmannose, melibiose, L-rhamnose, D-ribose, salicin, Dsorbitol, sucrose, and trehalose. Gas production was observed in Durham tubes inserted in YTG broth, which was modified to contain 10.0 g of the test carbohydrate instead of 5.0 g of glucose, and no agar. The pH was adjusted to 6.8. In ' Species names not on the Approved Lists of Bacterial Names (22) or validated since January 1980 are in quotation marks.
Parentheses enclose equivalent strain numbers.
addition to citrate and propionate, the organic acid utilization tests included acetate, fumarate, malate, and succinate. The indicator used was bromthymol blue (0.03 g/liter). Medium with no organic acid was used as a control. Arginine, lysine, and ornithine degradation was determined in Moeller decarboxylase broth (15) . A test for hydrogen sulfide production was carried out by stab culturing in triple sugar iron agar (9). The test for oxidase activity was that described by Steele (24) . Acetylmethylcarbinol and urease activities were detected by the methods of Coblentz (3) and of Edwards and Ewing (4), respectively. Xylan decomposition was detected by growing the organisms on plates of nutrient agar supplemented with 1% xylan. A positive test was the appearance of clear zones around the growths. Pectin decomposition was determined by the method of Edwards and Ewing (4). DNA purification, reassociation, and G+C content. An earlier report (16) described the methods for preparing highly purified DNA samples by hydroxyapatite chromatography and the procedures for estimating the extent of DNA relatedness by spectrophotometric measurement of renaturation rates.
To determine the G + C content, I measured the buoyant densities of DNA samples by CsCl density gradient centrifugation in a Beckman model E ultracentrifuge (18) . 
Micrococcus luteus (synonym, "Micrococcus lysodeikti-

RESULTS
The 98 B . polymyxa strains had G+C contents ranging from 45 to 47 mol% ( Table 2 ). The cluster consisted of two major DNA relatedness groups. The larger of the two subdivided into groups 1A and 1B. Group 1A strains con-sistently showed 75 to 100% DNA relatedness to reference strains NRRL B-4317T and NRRL B-130. (NRRL B-130 was designated as a reference strain because it was the first strain found to be highly homologous to the type strain. For groups 1B and 2, the first two strains in each group that gave high DNA relatedness values were designated as the reference strains.) Group 1B strains gave 73 to 100% DNA hybridization with reference strains NRRL B-367 and NRRL NRS-1237 but showed only 57 to 69% relatedness to group 1A reference strains NRRL B-4317T and NRRL B-130. Reciprocal pairings between group 1A organisms and group 1B reference strains NRRL B-367 and NRRL NRS-1237 gave DNA relatedness values of 54 to 69%. DNA hybridization values of 10 to 29% were measured between group 1A or 1B strains and the type strains of recognized species that produce gas or have G + C contents of 44 to 53 mol% or both, namely, B . alvei, B . badius, B . brevis, B . coagulans, B .  licheniformis, and B . 
macerans.
Group 2 strains showed 80 to 100% DNA relatedness to reference strains NRRL NRS-1312 and NRRL BD-61, and 21 to 43% relatedness to group 1A and 1B reference strains ( Table 2) . Intragroup DNA hybridization among group 2 strains ranged from 85 to 95% (data not shown). Low DNA relatedness (12 to 36%) was noted between group 2 and type strains of the recognized species.
Of Groups 1A and 1B possess salient phenotypic characteristics typical of B . polymyxa (Table 3) . These organisms form swollen sporangia; grow anaerobically; usually grow in 0.001% lysozyme but not in 3% NaCl or at 50°C; are catalase positive; are oxidase negative; produce acetylmethylcarbinol and dihydroxyacetone; hydrolyze casein, pectin, starch, and xylan; do not utilize citrate and succinate; reduce nitrate to nitrite; ferment carbohydrates including D-glucose, glycerol, and trehalose with gas production; and do not ferment sorbitol. Utilization of citrate and succinate, inability to ferment trehalose and glycerol, and failure to produce dihydroxyacetaone separate group 2 from groups 1A and 1B (Table 3) .
DISCUSSION
Analyses of DNA relatedness and phenotypic similarity
have demonstrated the presence of at least two genetically distinct groups among the 98 gas-forming B . polymyxa sensu lato strains. One of the two groups divides into two subgroups on the basis of DNA relatedness to the type strain NRRL B-4317. Group 1A shows 80 to 100% DNA relatedness to the type strain, whereas group 1B shows 57 to 68% relatedness. Group 1A then represents B. polymyxa sensu stricto. DNA relatedness of 60 to 70% suggests that the organisms are members of subspecies (20) . Both groups show typical characteristics of B . polymyxa and cannot be differentiated phenotypically (Table 3) . Furthermore, examination of existing data (8, 21) indicates that no correlation is apparent between the ability to fix nitrogen and placement in group 1A or 1B; i.e., nonfixing strains occur in both subgroups. For example, Grau and Wilson (8) and Seldin et al. (21) reported that strains presently placed in both groups 1A (NRRL B-376 and NRRL B-4317T) and 1B (NRRL B-369) 46  45  45  46  46  45  45  45  46  46  45  45  46  45  46  46  45  45  45  46  45  45  45  46  45  45  46  45  45   45  45  45  46  46  45  45  46  45  46  46  46  46  45  45  46  46  46  45  46  46  45  46  45  45  45  46  46  46  45  46  45  45  46   93  92  96  100  100  100  96  89  98  99  98  93  94  91  80  81  (100)  89  91  87  86  93  100  88  93  80  95  90  91  25  35  31  23  36  37  28  32  32  31  22  26  33  31  27  35  33  32  39  35  34  33  32  34  36  29  28  30  32   25  35  40  35  27  40  27  35  35  33  34  31  29  39  31  31  29  34  39  35  36  40  38  39  32  27  30  32  35  29  29  30  31  36   29  35  22  35  20  24  22  23  31  32  26  30  29  26  25  30  35  45  40  30  42  39  31  33  34  40  29  25  31   40  23  32  38  23  38  29  36  30  33  32  31  28  30  39  33  34  31  40  41  37  29  29  36  35  37  35  32  46  33  40  34  36 Low DNA relatedness values establish that group 2 strains are not closely related genetically to group 1A or 1B. Group 2 also is not closely related genetically to recognized species that produce gas or have G+C contents of 44 to 53 mol% or both (see above).
Tables 3 and 4 demonstrate that group 2 is a phenotypically distinct taxon. Utilization of citrate and succinate, the inability to ferment glycerol and trehalose, and failure to produce dihydroxyacetone distinguish group 2 from B. polymyxa (Table 3) . Because it forms gas during carbohydrate fermentation and hydrolyzes pectin, group 2 cannot be classified as B . alvei, B. badius, B. brevis, B. coagulans, (Table 4 ). Hydrolysis of casein and pectin, production of acetylmethylcarbinol, and inability to grow at 50°C eliminates group 2 from consideration as strains of B. macerans. Differences in the ability to hydrolyze casein, pectin, and starch, to utilize citrate, to reduce nitrate to nitrite, and to ferment Larabinose and D-xylose indicate that group 2 and B . azotofixans are not members of the same taxon. This study confirms the suspected phenotypic heterogeneity of organisms identified as B . polymyxa. The heterogeneity in metabolism of certain carbohydrates and organic acids is attributable to inclusion in the taxon of genetically distantly related strains, which appear to be members of another, hitherto unnamed gas-forming species. A new species will be named after further phenotypic characterization and DNA relatedness studies are done.
